Fracture toughness of silicon crystals has been investigated by indentation methods, and their surface energy has been calculated using molecular dynamics (MD). When a conical indenter was forced into a (001) silicon wafer at room temperature, {110} cracks were mainly introduced from the indent, indicating that fracture occurs most easily along the {110} plane among the crystallographic planes of the h001i zone. To confirm this orientation dependence, surface energies for those planes were computed using molecular dynamics. The surface energy calculated exhibits the minimum value of 1.50 JÁm À2 at the {110} plane, and it increases up to 2.26 JÁm À2 at the {100} plane. Fracture toughness was derived from these computed surface energies, and it was shown that K IC value for the {110} crack plane was the minimum among those for the planes of the h001i zone. This result is in good agreement with that obtained by indentation fracture (IF) methods, although the absolute K IC values evaluated by the IF method were larger than those obtained by the calculation.
Introduction
Silicon crystals are the most popular material for micro electro mechanical systems (MEMS), where various mechanical performances are requested as a fundamental function of the system. 1, 2) In order to develop such an use of silicon crystals, it is essential to establish the reliability on their mechanical property such as resistance to materials fracture. So far significant works have been made to understand the fracture behavior of silicon crystals.
3) However, there have been still remaining problems such as the controlling mechanism for their fracture toughness.
Since the main process of fracture in brittle solids is cutting atomic bonds to make new surfaces, the behavior of brittle fracture should highly depend on the surface energy of fracture planes. Therefore, if the surface energy depends on the orientation of its crystal plane, the value of fracture toughness should change according to the crystal orientations of the fractured planes. However, the orientation dependence of fracture toughness and its relation to the surface energy have not been fully clarified yet, although a few works have been made on this problem in silicon crystals. [4] [5] [6] [7] In the present study, orientation dependence of fracture toughness of silicon crystals at room temperature has been studied by using indentation methods. In addition, the orientation dependence of their surface energy has been also calculated using molecular dynamics. On the basis of these results, the relation between the fracture toughness and the surface energy in silicon crystals is discussed.
Experimental
We employed Si single crystals cut out from a {001} ptype wafer. Cracks were introduced by indentation methods at room temperature. In this study, two types of indenters were employed. Those indenters were forced into the {001} plane to initiate cracks from the indent, and the cracks propagated along the planes of the h001i zone (a series of planes parallel to the h001i zone axis).
One of the indenters has a conical shape with the tip angle of 136 degrees (ULVAK-RIKO Inc., IT-1).
8) The load for the conical indenter was set to be 2.94 N. Since the conical indentation is geometrically isotropic to any direction on the wafer surface (see Fig. 1 ), it is expected that the cracks can propagate along the selected plane on which fracture most easily occurs among the crystallographic planes of the h001i zone. Needless to say, silicon crystals are not isotropic elastically and plastically, so that even the conical indentation does not necessarily mean that stress fields around the indent are axial-symmetrical. However, according to our photoelastic observation using infrared light, the stress field around a conical indent is more isotropic than that around a Vickers indent, which indicates the validity of the conical indentation as a method to make a rough estimate of the most preferable fracture plane. Another type of indenter is a Fig. 1 Illustration of a conical indenter forced into a wafer surface. Vickers indenter (Akashi Co., MKV-E3), which was employed to evaluate K IC values by the so-called indentation fracture (IF) method. [9] [10] [11] [12] [13] [14] [15] The load was set to be 0.98 N. Surface energies of a series of crystallographic planes parallel to the h001i zone axis were calculated by molecular dynamics (MD). The surface energy s is expressed by eq.
(1). Here, U b and U s are the internal energies of a perfect crystal and a crystal with surfaces, respectively. A is the surface area.
The internal energies of U b and U s were calculated using WinMASPHYC Pro (Fujitu, Ltd.), Tersoff potential, 16) Figure 2 shows an optical microscope image around an indent introduced by a conical indenter forced into the (001) surface. The indent is observed as almost circular shape although it is chipped in the edge. Seven cracks are initiated from the indent. Among those cracks, four cracks propagating along the direction of nearly h110i seem to be dominant. Their crack planes are almost parallel to the {110} plane, which indicates that the {110} plane is the most preferable fracture plane among those of the h001i zone. In addition to these {110} cracks, three other short cracks are also observed around the indent: they are curved and deviate from the {110} plane. They are considered to be additional cracks which are a kind of lateral cracks usually developing in the case of the Vickers indentation. 18 ) Figure 3 shows a high voltage electron microscope image around the tip of a {110} crack introduced by the indentation method at room temperature, although in this case the crack is propagating along the h100i direction. It is to be noted here that any dislocation line segment is not found, indicating that dislocation emission can be neglected during this crack propagation. This suggests that silicon crystals observed in the present study fractured in a perfectly brittle manner. These results suggest that the {110} plane has the minimum surface energy among the planes of the h001i zone.
Results and Discussion
In order to verify this consideration, we made a molecular dynamics calculation for the surface energies of a series of crystallographic planes parallel to the h001i zone axis. Figure 4 shows the orientation dependence of the surface energies calculated. The horizontal axis in the figure is the angle between the {110} plane and the plane for which the surface energy was calculated. The perpendicular axis is the value of the surface energy. The calculation was carried out for the planes indexed {110}, {320}, {210}, {310}, {410}, {510}, {610}, {710}, {810} and {100}. It is seen from this figure that the surface energy of the {110} plane takes the minimum value of 1.50 JÁm À2 . It simply increases from this minimum value at {110} to the maximum value of 2.26 JÁm À2 at {100}. The surface energy of {100} planes is about 1.5 times larger than that of {110} planes.
Next, we calculated the value of fracture toughness K IC using the surface energies obtained from the present MD calculation. When materials fracture occurs in the brittle manner, fracture toughness is calculated by eq. (2) based on the Griffith criterion:
where s is surface energy, is Poisson's ratio and E is Young's modulus. Here, in order to take into account the orientation dependence of the Young's modulus, we substitute E ½hkl given by eq. (3) 
where E ½hkl is a Young's modulus in the direction of ½hkl; , and are the angles between the direction ½hkl and the h100i axes of cubic crystals; the compliances for silicon S 11 , S 12 and S 44 are 0:767 Â 10 À11 , À0:213 Â 10 À11 and 1:256 Â 10 À11 Pa À1 respectively; the poison's ratio and the anisotropy factor 2C 44 =ðC 11 À C 12 Þ are 0.218 and 1.56, respectively. Fig. 2 Optical micrograph of an indent introduced at room temperature, using a conical indenter forced into the (001) plane. Several cracks are initiated from the indent. Figure 5 shows the orientation dependence of the Young's modulus for a series of directions perpendicular to the h001i axis. Here the horizontal and vertical axes are the angle from the h110i direction and the value of E ½hkl , respectively. The orientation dependence of the Poisson's ratio was neglected since the contribution of to K IC is no more than 2% comparing to that of E ½hkl It is to be noted here that the orientation dependence of Young's modulus exhibits an opposite tendency to that of surface energies: Young's modulus increase with the angle from {110}, while surface energies in Fig. 4 decrease in spite that it is generally thought that surface energy is an increasing function of Young's modulus. 22 ) Although a detailed discussion may be necessary to understand this problem, it must closely relate with the potential function of inter-atomic bonding: Young's modulus is one of the key parameters for determining surface energies, but surface energies depend not only on E but also on other parameters such as interaction distance of inter-atomic bonding. The decrease of such parameter should reduce the energy to form new surfaces. Gilman showed the same tendency of surface energy of Si as the present result, although his result is also derived from an intuitive discussion. 23 ) Figure 6 exhibits the orientation dependence of K IC values calculated from the surface energies and Young's modulus shown in Figs. 4 and 5 . The horizontal axis in the figure is the same as that in Fig. 4 , and vertical axis indicates the K IC value. In this figure, the fracture toughness takes the minimum value of 0.73 MPaÁm 1=2 which was calculated under the condition that the fracture occurs along the {110} plane. However, the K IC values obtained from the other planes exhibit almost the same value of around 0.79 MPaÁm 1=2 , and they do not show the clear dependence on the orientation of fractured planes. This tendency is understood by taking into account the orientation dependence of Young's modulus shown in Fig. 5 , where E ½hkl decreases from the value for the h110i direction to that for h100i. As understood from eq. (2), the increase of the surface energy from the value of the {110} plane to that of {100} is canceled by the decrease of the Young's modulus except the fracture along the {110} plane. When the fracture plane is selected to be {110}, the decrease of the surface energy is significant comparing the increase of the elastic constant, so that the K IC value takes the minimum value among the planes of the h001i zone. These results are in good agreement with the fact that the {110} cracks are dominant ones, as shown in Fig. 2 .
21)
In order to confirm quantitatively such orientation dependence of fracture toughness, we measured the K IC values for the {110} and the other fracture planes of the h001i zone by using the indentation fracture method. [9] [10] [11] [12] [13] [14] [15] According to Niihara, 13) the value of fracture toughness, K IC , is expressed by eq. (4). This equation is applicable to the case of c=a > 2:5, where c and a are the size of the median crack introduced by the indent and a half of the diagonal of the Vickers indent, respectively.
where A is a constant (A ¼ 0:129 À3=5 , ; 3), H is the hardness, and E ½hkl is a Young's modulus in the direction of ½hkl.
In the present measurement, as shown in Fig. 7 , Vickers indenter was forced into a (001) wafer surface in order to introduce the {110} or {100} cracks. When the diagonal direction of the indent was taken to be parallel to the h110i direction ( Fig. 7(a) ), the {110} sharp cracks were introduced from the corner of the indent. On the other hand, when the diagonal direction was taken to be h100i (Fig. 7(b) ), cracks were also introduced from the corner of the indent, but they did not propagate straightly to the expected direction of h100i. They are curved and deviate from the {100} plane. These results can be understood by the orientation depen- Fracture Toughness Evaluated by Indentation Methods and Its Relation to Surface Energy in Silicon Single Crystalsdence of the calculated K IC values indicated in Fig. 5 : the fracture toughness of the {100} planes is almost the same as those of the other planes near {100}, while the fracture toughness of the {110} plane takes the minimum value. It is thus understood that the {110} crack is the sharpest among a series of cracks of the h001i zone. Table 1 shows the values of fracture toughness obtained using eq. (4) in the present study. In the case of Fig. 7(b) , the crack planes deviate from the {100} plane, although they are considered to be the planes of the h001i zone. In the present paper, we call these cracks ''cracks of the h001i zone'' for convenience. Fourteen IF tests were made to measure the fracture toughness for the {110} crack, we obtained the value of 1.12 MPaÁm 1=2 as the average value (sample variance: 0.00562 MPa 2 Ám). To measure the fracture toughness for the crack of the h001i zone, twelve IF tests were performed. The average K IC value for the cracks was 1.29 MPaÁm 1=2 (sample variance: 0.00866 MPa 2 Ám). It is thus confirmed also by the IF method that the fracture toughness for the {110} crack is less than those of the other cracks of the h001i zone.
Remaining problem is that the absolute values of fracture toughness measured by the IF method is larger than those derived from the surface energies calculated using MD. In eq. (4), the constant A was empirically determined so as to make the K IC values of the IF method consistent with those obtained by other K IC tests. Therefore, fracture toughness obtained from the IF method include the contribution of plastic deformation to K IC values. On the other hand, fracture toughness derived from surface energies calculated by MD does not include such contribution of plastic work. It is thus considered that the K IC values obtained by IF methods tend to show higher values than those derived from the MD calculation.
Conclusion
Orientation dependence of fracture toughness in silicon crystals at room temperature was investigated by using both an indentation method and the surface energies computed by MD. It was found by indentation methods using a conical indenter that fracture occurred most easily along the {110} plane among the planes of the h001i zone. Surface energies for the planes of the h001i zone were calculated using MD, from which the K IC values were evaluated. It was shown also by this evaluation that the K IC values for the {110} crack was the minimum among those for the h001i zone. Indentation fracture tests using a Vickers indenter was also made. It was confirmed also by this method that the K IC values for the {110} crack was less than those for the other crack planes of the h001i zone, although the absolute values obtained by this IF method was larger than those from the MD calculation.
It is thus concluded that the K IC values of silicon crystals are dependent on the orientation of fracture planes, which can be understood mainly from the orientation dependence of their surface energy. 
